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Abstract 
Over the last couple of decades, deep eutectic solvents (DESs) have emerged as novel 
alternatives to ionic liquids that are extensively used in synthesis of innovative materials, metal 
processing, catalysis, etc. However, their usage is limited, primarily because of the large 
viscosity and poor conductivity. Therefore, an understanding of the molecular origin of these 
properties is essential to improve their industrial applicability. Here, we present the report of the 
nanoscopic diffusion mechanism of acetamide in a DES synthesized with lithium perchlorate as 
studied using neutron scattering and molecular dynamics (MD) simulation techniques. Although, 
the acetamide based DES (ADES) has remarkably lower freezing point compared to pure 
acetamide, the molecular mobility is found to be enormously restricted in the former. MD 
simulation indicates a diffusion model with two distinct processes, corresponding to, long range 
jump diffusion and localised diffusion within a restricted volume. This model is validated by 
analysis of neutron scattering data in both molten acetamide and ADES. The long range 
diffusion process of acetamide is slower by a factor of three in ADES in comparison with molten 
acetamide. MD simulation reveals that the long range diffusion in ADES is restricted mainly due 
to the formation of hydrogen bond mediated complexes between the ionic species of the salt and 
acetamide molecules. Hence, the origin of higher viscosity observed in ADES can be attributed 
to the complexation. The complex formation also explains the inhibition of the crystallisation 
process while cooling and thereby results in depression of the freezing point of ADES.  
  
1. Introduction 
In the last couple of decades, there has been a growing interest in the study of ionic liquids (ILs). 
This has been encouraged by their wide scope in industrial applications, like metal processing1,2, 
batteries3, biomass treatment4, super-capacitors5, carbon dioxide capture6,7 and many more. 
Despite these advances, the poor biodegradability8 and hazardous toxicity8,9 of the ILs pose some 
serious problems. Further, their synthesis is not very eco-friendly, as huge amounts of salts and 
solvents form an important requisite in that process. These setbacks along with their high 
production costs form a major hindrance to widespread commercial and industrial use of ILs. 
The beginning of this century saw the emergence of a novel variety of solvents, namely deep 
eutectic solvents (DESs)10-16, which were found to possess physicochemical properties very 
similar to ILs. Apart from their cheaper production costs they are also environmentally more 
benign. DES are formed by the mixture of two or more compounds at a particular molar ratio 
corresponding to their eutectic point11,15,16. Generally, the mixtures are found to have a 
significantly lower freezing point compared to the parent compounds15,16. These solvents have 
found great applicability in various industrial processes like electrodeposition13,17-20, catalysis21, 
nanoparticle21 and nanotube22,23 synthesis, drug transport24, CO2 capture25, etc. In most of the 
aforementioned applications, DESs have been found as a more eco-friendly and cheaper 
alternative to ILs. The high solubility of metal salts, coupled with better conductivity compared 
to non aqueous solvents, make DES a very viable alternative in the metal deposition industry15,17. 
It has been observed that certain drugs insoluble or poorly soluble in water showed thousand 
times better solubility in DES24. A new kind of catalysts in the form of gold nanowire networks 
were synthesised using the choline chloride/urea (reline) DES21. Multiwalled carbon nanotubes 
have also been synthesised using the same DES23. It has been shown that reline is a promising 
candidate for catalyst in various reactions and shown to be better alternative to ILs and lipases26-
28. 
 Generally, eutectic mixtures are homogenous mixtures of two or more components with a 
freezing point significantly lower than that of their individual components. This depression in 
freezing point is directly related to the interaction strength between the components in the 
mixture, such that, stronger interaction between them leads to a larger depression of the freezing  
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importance to industrial processes. DES based on  other lithium salts like LiTFSI and LiPF6 with 
N-methylacetamide have been shown to be candidates of electrolytes in lithium ion batteries.31 
Certain mixtures of acetamide and lithium salts (LiTFSI, LiClO4) have shown promising features 
as electric double layer capacitors due to their excellent electrochemical stability 32. Further, 
similar DESs have been put to use in various industrial processes, like metal processing, 
electrodeposition, etc. The transport properties of a DES, particularly conductivity and viscosity 
of the liquid mixture, play a crucial part in these applications. It has been observed that the 
conductivity of a DES is inversely correlated with its viscosity, which has been found to be 
significantly larger for a majority of DES at ambient temperature. This remains an important 
setback for the effective application of DES as an alternative to ILs.  
While there are plenty of studies involving the macroscopic transport of DES systems, a 
comprehensive model of microscopic dynamics is not well established. Although, 
phenomenological descriptions of molecular mobility have been suggested from their 
macroscopic transport properties, direct experimental studies on their microscopic dynamics are 
yet to be probed in detail. Among the phenomenological models, hole-theory, which had been 
used to describe the dynamics of molecules in ionic mixtures and molecular liquids, was found to 
explain the behaviour of viscosity in a variety of DESs.10,33 The model is well established for 
DESs with lower viscosity where the anion is assumed to move together with the amides; but in 
the case of DESs with higher viscosity it works only if the motion of amide is assumed to be 
independent of the anion.10 However, nuclear magnetic resonance (NMR) experiments on 
choline chloride based DES have shown that diffusion of the molecules is not controlled by the 
formation of holes, but a free volume model is more appropriate.34 Yet again, the free volume 
model was proposed as phenomenological description to the results observed in NMR 
spectroscopy. 
 Quasielastic neutron scattering (QENS) spectroscopy exploits the wavelength and energy 
of thermal neutrons to probe the diffusion mechanism of the system at lengths of few Angstroms 
and detect different relaxation processes in timescale of picosec to nanosec35-37. It is particularly 
suitable to obtain information about the geometrical and dynamical features of diffusion 
processes in hydrogenated systems. Some recent QENS studies on pyridinium based ionic 
liquids have revealed two independent relaxation processes in the system38,39. Similarly, different 
mobilities of different molecules in glyceline DES (glycerol+choline chloride) was also observed 
using QENS experiments40. Therefore, it is an excellent probe to observe the dynamics of 
acetamide in DES at a molecular scale. On the other hand, classical molecular dynamics (MD) 
simulation technique provides atomistic insights about the system which are generally 
inaccessible to experimental methods36,41. MD simulation has been used to study various 
properties in DES, including their carbon dioxide solubility and effects of hydrogen bond 
strength42,43. Here, we report the nanoscopic dynamics of molten-acetamide (hereafter referred as 
ACM) and an acetamide based DES made with lithium perchlorate in the molar ratio of 78:22 
(hereafter referred as ADES) as studied using QENS and MD simulation techniques.  
2. Materials and Methods 
Acetamide (CH3CONH2, 99% purity) and lithium perchlorate (LiClO4, 98% purity) were 
obtained from Sigma Aldrich. A solid mixture of acetamide and lithium perchlorate in the molar 
ratio of 78:22 was heated at a temperature of 340 K for approximately 2 hours, until a clear 
solution of the ADES was formed. The mixture remained in the liquid phase after cooling it 
down to room temperature (300 K). 
QENS experiments were carried out using the IRIS spectrometer at the ISIS neutron and 
muon facility at RAL, UK. IRIS is a backscattering spectrometer which uses a pyrolitic graphite. 
Using the instrument in the offset mode with (002) reflection, the energy resolution of the 
instrument is ~17.5 μeV (Full width at half maximum) and the energy transfer range is -0.3 to 
1.0 meV. The wave-vector (Q) transfer range of the spectrometer is between 0.5 – 1.8 Å-1. QENS 
experiments on acetamide were carried out at 300 and 365 K, and for DES mixtures they were 
carried out over a range of temperatures – 300, 315, 330, 355 and 365 K. The lowest temperature 
was chosen considering the eutectic temperature of ADES (~290 K) and the highest temperature 
was chosen to accordingly compare with molten acetamide. Since a large quasielastic broadening 
was observed in the case of molten acetamide at 365K, especially at higher Q-values, QENS 
experiments for the same samples were also carried out at the FOCUS spectrometer (with 
wavelength=6Å) at the Paul Scherrer Institute (PSI), Switzerland, providing wider energy 
transfer range. In the used configuration, FOCUS spectrometer has an energy resolution of ~ 45 
μeV. Standard vanadium sample was used to measure the energy resolution of both 
spectrometers. 
 MD simulation of ACM and ADES was also carried out. The initial configuration of both 
the systems were constructed by randomly arranging molecules and ions in a cubic box using 
Packmol44. In the case of the former, 512 acetamide molecules were used in the simulation, and 
for ADES, 400 acetamide molecules and 56 lithium ions and perchlorate ions were used 
resulting in the molar ratio 78:22. The CHARMM force field (version 27)45 was used for 
acetamide and the parameter set for perchlorate and lithium ions were taken from the work of 
Lopes & Deschamp46 and Joung & Cheatham47 respectively. The system was equilibrated for 10 
ns in the NPT ensemble, using Langevin barostat and thermostat with a target pressure of 1 atm 
and a target temperature of 365 K. Subsequent to temperature and system density equilibration, 
the simulation was continued in the NPT ensemble for another 5 ns, to record atomistic 
trajectories at an interval of 1 ps for further analysis. A separate simulation was also carried out 
to record short trajectories with a smaller time interval of 0.01 ps for 100 ps. The MD 
simulations were carried out using DL-Poly-448. 
3. Theoretical aspects  
In general for a neutron scattering experiment, the intensity of the scattered neutrons is given by 
the double differential scattering cross section which is expressed as a sum of two individual 
contributions arising from coherent and incoherent scattering of neutrons from the sample and 
can be written as35, 
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where, σcoh and σinc are the coherent and incoherent scattering cross sections, Scoh and Sinc are the 
coherent and incoherent scattering laws; E is the energy transfer and Q = kf – ki, is the 
momentum transfer in the scattering process. It should be noted that neutron scattering spectra 
from a hydrogenous sample is dominated by incoherent scattering from the hydrogen atoms in 
the sample, due to its exceptionally high incoherent scattering cross section (σHinc>>σinc/cohan atomy). In 
that case, eq. (1) can be written as 
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The incoherent scattering law is related to the van-Hove self-correlation function, Gs(r,t), 
through a space-time Fourier transform35, 
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The correlation function, Gs(r,t), gives the probability of finding a particle at a position r after a 
time t, if it started at the origin at t = 0. The incoherent scattering law observed for the case of 
liquids, Sinc(Q,E), is averaged all the Q-orientations due to the isotropic nature of the system. It 
provides both geometrical and temporal information regarding the stochastic motion of 
individual atoms (predominantly of hydrogen atoms) in the system. However, since the 
experimental spectra are an ensemble average over the system, the information about the system 
can only be extracted from phenomenological modelling and the individual components of 
motion in the system cannot be discerned, in general. For this purpose, we resort to the technique 
of classical MD simulation, where the atomistic details of the trajectories enable us to isolate the 
individual components of the motion. MD simulations can be used as a guide to choose an 
appropriate model to analyse the QENS spectra of the system. Further, it is computationally 
viable to carry out MD simulations, for time and length scales of motions directly accessible in 
QENS experiments, making the combination of the two techniques a very powerful to gain 
molecular information of the system. 
4 Results and discussion 
First we develop a model for acetamide diffusion based on the results of MD simulation on ACM 
and ADES at 365 K. The model is then verified by analysing the QENS data of both the systems 
at 365 K. Subsequently, the same model is employed for the QENS data of ADES at lower 
temperatures to study the thermal evolution of its dynamical parameters. Finally, the molecular 
origin of the diffusion mechanism in these systems is discussed 
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observed for both the systems. In this regime, the particle motion remains unhindered by 
collisions or interactions and hence remains the same for both the systems. This is followed by 
an almost plateau like region showing a transient sub-diffusive behaviour. This is generally 
observed in hydrogen-bonded liquid systems which show transient caging and subsequent 
diffusion after H-bond breaking. The extent of this plateau region is slightly longer in the case of 
ADES compared to ACM, indicating that H-bond interaction is stronger in this system. 
Eventually in both the cases, the asymptotic region of MSD shows simple linear dependence 
with time, indicating a Brownian motion. A linear fit (Fig. 2) of MSD in this asymptotic limit, 
using the Einstein’s relation, MSD = 6Dcomt, yields the free diffusion coefficient of the acetamide 
molecules. In the case of ACM, the Dcom it is found to be,  0.91 × 10-5 cm2/s, which is at least 3 
times larger than that found for the case of ADES (~ 0.29× 10-5 cm2/s). While the MSD is a 
useful starting point and reveals the asymptotic behaviour of the diffusion of acetamide 
molecules, a more comprehensive picture can be obtained by calculating intermediate incoherent 
scattering function (IISF). The IISF corresponding to COM can be calculated using the following 
formula, 

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where, Rj(t) is the position of COM of the jth molecule, t0 is an arbitrary time-origin and N is the 
total number of acetamide molecules in the system. The average over time-origins, t0 ,is denoted 
by angular-brackets and the bar indicates the average over all Q-orientations to represent 
isotropic conditions in the liquid system. It is to be noted that the periodic boundary condition 
used in the simulation restricts the value of Q as given by Q = (2πn/L), where L is the length of 
the cubic box used in the MD simulation and n is an integer. 
The physical model for the IISF of the COM is chosen considering three different 
processes – ballistic motion, localized motion inside a transient cage and cage-cage free 
diffusion. This is motivated by observing the trajectories of the molecular COM shown in Fig. 3 
for ACM (left) and ADES (right), in which local clustering and jump-like motion are visible. A 
similar model has been employed in studying the dynamics of supercooled water by Qvist et  
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the COM for the two systems.  It is clear from Fig. 5 (a) that the jump diffusion is markedly 
slower in ADES compared to ACM. The jump diffusion of the acetamide COM is modeled using 
a Singwi-Sjolander (SS) model50, which assumes the jump lengths to be completely random. In 
the SS model, the equation describing the relaxation rate ζ1 is given by, 
jj
j
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where Dj is the diffusion coefficient associated to cage-cage jump diffusion process and τj is the 
mean residence time of the particle between subsequent jumps. The asymptotic nature of the 
jump diffusion described by this equation can be seen in the limit Q → 0, where ζ1 → DjQ2 
corresponding to Fickian diffusion law. The fitting of ζ1 using eq. (8) is shown in Fig. 5 (a) and 
the parameters obtained from the fit for acetamide COM at 365K, are listed in Table 1. The 
diffusivity of acetamide in ADES is smaller by a factor of ~ 3 in comparison to ACM. Further, 
the longer mean residence time for the COM in ADES is an indication of stronger H-bonding 
network of the acetamide with the ionic species of the salt. In both cases, the jump diffusion 
coefficient matches well with the diffusivity obtained in the asymptotic limit from the MSD. 
The parameters C0 and ζ2 (from the fits of eq. (7)) corresponding to the structure factor 
and relaxation rate of localised motion obtained from least-square fits of the IISF are, shown in 
Fig. 5(b). It is evident that the local dynamics of the COM is not significantly different in both 
the cases. In order to model the localised translation inside the transient cage, the localised 
translational diffusion (LTD) model within a sphere of radius r was considered. In this model the 
IISF of a particle diffusing within a cage of radius r with a diffusivity DlocCOM is given by51, 
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where the first term arises due to the localized nature of the motion and contains information 
about its  geometry. In QENS spectra, this information is contained in the elastic peak, called 
EISF, as defined earlier in eq. (6). The second term is the sum over all the contributions to the 
quasielastic part, which contains information about the dynamical nature of the motion. The 
model IISF, ILTD(Q,t) can be compared to Iloc(Q,t) given in eq. (6) to validate the nature of the 
localised motion. However prior to employing this model, based on inspection of the trajectories 
of individual COM (Fig. 3), it is found that the radii of the clusters are distributed, rather than 
having a 
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values DlocCOM at each Q. The corresponding model relaxation rate for each Q-value is evaluated 
from the inverse of time t at which the total sum is equal to e-1. The variation of ζ2 with respect to 
Q and its calculated curve based on the modified LTD model are shown in Fig. 5 (b). The 
localized diffusion coefficient for the COM of acetamide from MD simulation at 365 K for ACM 
and ADES is listed in Table 1. It is observed from the obtained set of parameters that the local 
dynamics of the COM doesn’t show appreciable difference between the ACM and DES. 
4.1.2 Internal dynamics of acetamide 
The motion of acetamide atoms observed in the QENS experiments is a superposition of the 
dynamics of the molecular COM as well as the average of dynamics of the individual hydrogen 
atoms with respect to the COM. Having investigated the motion of COM exclusively, we now 
turn to motion of H-atoms with respect to the COM which is referred to as the internal motion. 
The trajectories of H-atoms in the COM frame of each acetamide molecule are calculated over 
the entire simulation time (5 ns) and is used to calculate the IISF of internal motion using the 
following formula, 

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where dj(t) is the position of jth hydrogen atom with respect to it’s molecular COM and NH is the 
total number of hydrogen atoms in a molecule. The angular brackets and the bar denote the same 
meaning as before in eq. (4). The motion of H-atoms with respect to the COM in liquid systems 
is generally well described by isotropic rotation on a sphere. However, the trajectories of the 
hydrogen atoms about the COM encompass a spherical shell, after sufficiently long time (~ 200 
ps). At shorter times, fluctuations about the mean position on the surface of the sphere most 
probably arise from fast conformational dynamics. Therefore, the IISF for internal motion was fit 
using the following model function35, 
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Table 1. List of dynamical parameters obtained from the model described in the text for ACM 
and ADES from QENS and MD simulation at 365 K. 
System  Dj(10-5 cm2/s) τ (ps) ravg (Å) DlocCOM(10-5 cm2/s) DlocH (10-5 cm2/s) 
ACM  
MD 1.00 (±0.06) 1.3 (±0.1) 0.8 (±0.1) 2.81 (±0.08) - 
QENS 0.92 (±0.02) 1.8 (±0.4) 1.8 (±0.1) - 2.16 (±0.08) 
ADES  
MD 0.30 (±0.02)  2.9 (±0.1) 0.9 (±0.1) 2.51 (±0.06)  
QENS 0.29 (±0.02) 3.3 (±0.2) 1.7(±0.2) - 1.36 (±0.05) 
corresponding to conformational dynamics for both the systems was found to be very fast, with 
the variation of χ between 2-6 meV. Therefore, this motion is not expected to contribute to the 
QENS spectra observed in both the spectrometers. 
4.2 Validation of the dynamical model – QENS data analysis 
The QENS spectra of acetamide and ADES (acetamide + lithium perchlorate) measured at the 
IRIS spectrometer are shown in Fig. 7 at a typical Q-value of 1.2 Å-1 for two different 
temperatures (300 K and 365 K).  At 300 K, significant quasielastic broadening is observed in 
the case of ADES (Fig. 7(a)) indicating the presence of stochastic motion of acetamide in the 
system; whereas no observable broadening is found to be present in the case of pure acetamide 
suggesting that no molecular motions are detected within the resolution of the spectrometer. This 
is likely because, at 300 K, pure acetamide remains in the solid phase where the diffusion of 
acetamide molecules is not observable in the accessible time scale of the spectrometer.  However 
above the melting point of acetamide (Mp) ~ 352 K, (at 365 K) quasielastic broadening for 
molten-acetamide is observed to be significantly larger compared to that of ADES (Fig. 7(b)). 
The width of the quasielastic broadening is a direct measure of the mobility in the system. 
Therefore, it is clear that acetamide molecules are significantly more mobile in their pure molten 
state than in the ADES (at 365 K). This is in qualitative agreement with the results of MD 
simulation of ACM and ADES at 365 K. It is interesting to note that, although ADES has a much 
lower freezing point compared to pure acetamide, the molecular dynamics of molten-acetamide 
(ACM) is much faster compared to ADES at any given temperature above Mp. A study of 
individual components of molecular diffusion in the both systems above Mp will reveal the 
effects of the salt (lithium perchlorate) on the local and global dynamics of acetamide. 
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exponentials as a single exponential function. The effective relaxation rate has an energy transfer 
range between 0.2 to 0.5 meV. This causes a significant overlap between the range of relaxation 
timescales associated with the localized motion of the COM and isotropic rotation of H-atoms. 
Therefore, it is not possible to differentiate these two dynamical processes from the analysis of 
the QENS spectra. In order to circumvent this problem, we propose an alternatively simpler 
dynamical model for the motion of H-atoms, which takes into account all the features observed 
from MD simulation. In this model, we consider two dynamical processes, (a) jump diffusion of 
acetamide COM and (b) localised translation diffusion of hydrogen atoms. The first process can 
be directly compared with the jump diffusion of acetamide COM which was observed in the 
analysis of the simulation trajectories. Process (b) can be reckoned as an effective motion which 
arises as a superposition of localized diffusion of COM and isotropic rotation of the H-atoms 
about the COM. The scattering law pertaining to the model described above can be written 
mathematically as the convolution of scattering laws associated with the two processes, 
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where the Lj and Lloc are Lorentzians corresponding to jump diffusion and localised diffusion 
processes with the half-width half-maxima (HWHM), Γj and Γloc respectively. A0 is the elastic 
incoherent structure factor (EISF) associated to the localized diffusion process, which possesses 
information about the spatial profile of the local motion. To compare with the QENS data one 
has to convolute the model function with the resolution of the spectrometer, The scattering law 
used to describe the quasielastic data then can be written as, 
 0 0( , ) ( ) ( , ) 1 ( ) ( , ) ( )j j j loc j locS Q E A Q L E A Q L E R E           (12a) 
where, R(E) is the resolution of the spectrometer. The measured QENS spectra of molten 
acetamide along with the fits based on eq. (12a) for ACM and ADES are shown in Fig. 8 at a 
typical Q of 1.4 Å-1. The individual components corresponding to Lorentzians, Lj and Lj+loc, are 
also shown in the figure. 
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the COM. The variation of Γloc and the associated theoretical model function with respect to Q is 
shown in Fig. 8 (b). The theoretical model function is obtained from calculating the HWHM of 
the sum of Lorentzians given in eq. (14). The obtained values of ܦ௟௢௖ு  and ravg are given in Table 
1; it is evident from the parameters that, although the geometry of the localised dynamics is not 
altered, the localised diffusion is slightly slower in ADES compared ACM. This might arise due 
to the decreased rotational diffusivity in ADES as observed from MD simulations. The fits of A0 
and Γloc shown in Fig. 9 (b) suggest that the model describing H-atoms diffusing within spheres 
describes the QENS data successfully. Further, it is also consistent with the picture of dynamical 
model inferred from the results of MD simulation (Table 1). 
4.3 Thermotropic evolution of acetamide dynamics in ADES– QENS analysis 
The dynamical model as described in the previous section is used to describe the QENS spectra 
of ADES for all the measured temperatures. The spectra, fits and the individual fit components 
(eq. 12a) are shown in Fig. 10 for 300, 315 and 330 K. It is evident from the quality of the fits 
that the dynamical model developed from the results of MD simulation is suitable to describe the 
dynamics successfully over the entire temperature-range from 300 – 365 K. A plot of the 
HWHM corresponding to jump diffusion of acetamide, Γj with Q2 is shown for all temperatures 
in Fig. 11; the model functions, based on SS model (eq. 13), at each temperature are also 
indicated by the solid lines in the figure. The values of Djex and τjex for all the temperatures are 
summarised in Table 2. At 300 K, the diffusivity of acetamide in ADES is comparable to that of 
cholinium ions in ethaline34 measured using NMR technique; while in reline and glyceline the 
diffusion of the cholinium ions are significantly slower 34,40. The temperature dependence of 
diffusion constant, Dj follows an Arrhenius temperature dependence given by, 
Tk
E
jj
B
A
eDD
 0      (15) 
where EA is the activation energy of the diffusion process. The Arrhenius fit of Dj is shown in the 
inset of Fig. 11. The activation energy for acetamide in ADES considered here is found to be 
20.2 (±1.5) kJ/mol, which is comparable to other DES systems given in the literature34. The 
decrease in diffusivity and increase in residence times at lower temperatures can be ascribed to 
lower thermal energy for the acetamide to move beyond the potential barrier of inter-amide and 
amide-ion hydrogen bonds. 
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Table 2. Dynamical parameters obtained from fitting of QENS spectra for the DES system at all 
the measured temperatures. 
T (K) Dj  (10-6 cm2/s) τ (ps) ravg (Å) DHloc (10-5 cm2/s) 
365 2.9 (±0.3) 3.3 (±0.2) 1.7 (±0.3) 1.36(±0.05) 
355 2.5 (±0.1) 7.7 (±0.6) 1.6 (±0.1) 0.99 (±0.03) 
330 1.6 (±0.2) 21.1 (±1.4) 1.2 (±0.2) 0.72 (±0.12) 
315 1.1 (±0.1) 33.3 (±1.8) 1.0 (±0.1) 0.70 (±0.10) 
300 0.6 (±0.1) 65.2 (±4.2) 0.8 (±0.1) 0.46 (±0.04) 
 
from MD simulation trajectories of ACM and ADES and shown in Fig. 13(a). The first peak 
observed at ~1.9 Å, correspond to the H-bonded acetamide-oxygen and amide-hydrogen atoms. 
The smaller area under the peak in the case of ADES compared to ACM indicates a decrease in 
the number of inter-amide H-bonding in ADES compared to ACM. The PDF of lithium ions and 
acetamide-oxygen in ADES, gOLi(r), is also calculated and shown in Fig. 13(b). The sharp peak 
which is also observed at 1.9 Å is an indication of strong H-bond association of acetamide-
oxygen with the lithium ions, due to which inter-amide H-bonding is weakened in the ADES. 
The inset of Fig. 13(b) shows the PDF of amide-hydrogen (HA) with the perchlorate-oxygen 
(OCl), where the strong first peak (~1.9 Å) is due to the H-bonding of the amide-nitrogen to the 
perchlorate ions in the ADES. These observations indicate that anion-acetamide and cation-
acetamide complexes are formed in ADES. Dissociation of the salt in the system is necessary for 
the formation of these complexes. Generally, ionic dissociation and association of salt in a 
mixture is a process in dynamic equilibrium. However, this dynamic equilibrium can be shifted 
in the presence of acetamide which has H-bond donor and acceptor sites that have great affinity 
to the dissociated ions. Therefore, it can lead to the formation of complexes between ions and 
acetamide through hydrogen bonds53. From infrared and Raman spectroscopic studies on 
acetamide and LiTFSI eutectic mixtures, it has been reported that the oxygen site in acetamide 
has a great tendency to form a complex with the Li+ anions54. Further, due to the association with 
lithium ions, the amide-nitrogen acquires a positive charge and tends to associate itself with the 
anion in the system. The ion-acetamide complexes formed in this process will have larger 
effective size and mass compared to acetamide molecules and hence lead to a slowing down of  
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disallows the crystallization of both acetamide and salt and thereby causes a large depression in 
the freezing point of the ADES. Hence, the ion-acetamide complexes in the ADES can be 
considered as the key reason for, depression in its freezing point as well as slowing down of the 
diffusion of acetamide molecules. Since the long range diffusion process plays an important role 
in viscosity and conductivity of the liquid, the large viscosity and poor conductivity of the ADES 
can be ascribed to complexation of acetamide which significantly impedes the jump diffusion. 
5. Conclusions 
A comprehensive study of the diffusion mechanism of acetamide in its molten phase and in a 
acetamide based deep eutectic solvent (ADES) prepared with lithium perchlorate, using neutron 
scattering and molecular dynamics (MD) simulation, is presented in this work. This work 
outlines an explicit method to construct a dynamical model for experimental analysis of 
relaxation processes in molecular liquids. With the atomistic insight obtained from MD 
simulations, a model for the molecular diffusion of acetamide is proposed involving a 
combination of localised diffusion within a transient cage and cage-to-cage jump diffusion. The 
analysis of neutron scattering data supports the suggested diffusion model in both molten 
acetamide and ADES. The nature of the diffusion mechanism is related to the extensive H-bond 
network in both the systems. The localised diffusion process is associated with the dynamics of 
the molecules while it is trapped by an H-bond with neighbouring molecules; on the other hand 
the jump diffusion process is associated to the diffusion of the molecule between two transient 
cages. The diffusion mechanism is found to be robust over a wide range of temperatures (300 K 
to 365 K) for ADES. 
It is observed from MD simulation that the H-bond interaction between ions and 
acetamide facilitates the formation of ion-acetamide complexes in ADES. The increased size and 
mass of the complex causes decrease in the mobility of acetamide in the ADES compared to 
molten acetamide. In particular, the jump diffusivity is lower by at least a factor of three and the 
mean residence time between jumps is doubled. The complexes also inhibit crystallization and 
leads to a significant depression in the freezing point of the ADES. Hence, the ADES remains in 
the liquid phase even upto 300 K and the mechanism of the acetamide diffusion remains 
essentially unaltered in them. Both the jump and localised diffusion constants follow Arrhenius 
behaviour. While the knowledge of the long range diffusion process is vital to understand the 
mass transport properties like viscosity, conductivity etc. in the system, localised diffusion plays 
an important role in applications that involve confinement of the DES in the nanometer length 
scales. The large viscosity and conductivity of ADES can be attributed to the significantly slower 
long range jump diffusion in ADES compared to molten acetamide. 
The results of this work serves as an important step in elucidating the mechanism of 
molecular diffusion in variety of deep eutectic systems based on metallic salts and amides. Since 
the diffusion of acetamide is strongly linked to the H-bond interactions in the ADES, one can 
engineer DES systems tailored to different transport properties by tuning their interaction 
strength. 
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